Accumulation of visceral adipose tissue is the main pathology of obesity, which is associated with chronic inflammation of adipose tissues 1 . The pathological process of chronic inflammation of obese adipose tissue involves several factors, such as dysregulation of adipocytokines 2 , endoplasmic reticulum (ER) stress 3 , accelerated infiltration of inflammatory macrophages, CD8 + T cells, and low proportion of anti-inflammatory immune cells such as regulatory T cells (Tregs) and eosinophils 4, 5 . Tregs play a pivotal role in immunological tolerance and regulate excess immune responses associated with allergy 6 , infection 7 and tumor immunity 8 . Tregs are markedly reduced in epididymal fat of obese animals, and the reduction is closely associated with insulin resistance 4 . We recently reported the importance of adipose tissue macrophages (ATMs) in Treg differentiation and proliferation 9 .
Treg induction in the presence or absence of adipose tissue macrophages. ATMs were isolated using the procedure described in detail previously 9 . CD3 + CD4 + Foxp3 − non-Treg T cells were isolated from the spleen of the Foxp3-EGFP mouse. 1 × 10 5 non-Treg T cells were cocultured with 2 × 10 4 ATMs in 200 μl of complete medium, 1 μg/ml of soluble anti-CD3e mAb (#1452C-11; BioLegend, San Diego, CA) and human 2 ng/ ml rTGF-β (R&D Systems, Minneapolis, MN) in the presence of each fatty acid for 6 days. EPA was first dissolved in ethanol or added directly to the complete media. EPA metabolites were prepared by evaporating ethanol by N 2 and dissolved directly in complete media. For induction of Treg T cells, 1 × 10 5 non-Treg T cells (lacking ATMs) were incubated with human 1 ng/ml rTGF-β, 1000 units/ml IL-2 and 1:2 cell to beads ratio of CD3 and CD28 T activator dynabeads (#11452D, Thermo Fisher Scientific) or instead with dynabeads CD3 antibody (BioLegend) and CD28 antibody (BioLegend). Six days later, the proportion of Tregs was analyzed by FACSVerse (BD Biosciences, Franklin Lakes, NJ).
Flow cytometry. Fluorescence-activated cell sorting (FACS) analysis was carried out as described in detail previously 9 . Briefly, cells in the SVF were suspended in FACS buffer and incubated with anti-mouse CD16/CD32 (#93; BioLegend) for 15 min. Then, the cells were rinsed and resuspended in FACS buffer and stained for 25 min with anti-CD45 (#30F-11; Biolegend), anti-CD11b (M1/70; BioLegend), anti-MHC-class II (#M5/114.15.2, eBioscience, San Diego, CA), anti-F4/80 (#BM8, Biolegend), CD11c (#N418; Biolegend) and anti-siglecF (#E50-2440, BD Pharmingen, San Diego, CA) for macrophages, dendritic cells and eosinophils. For B cells, CD4 + T cells, CD8 + T cells, natural killer (NK) cells, and NKT cells, SVF was incubated with anti-B220 (#RA3-6B2, Biolegend), anti-CD19 (#6D5, Biolegend), anti-NK1.1 (#PK136, Biolegend), anti-CD8 (#53-6.7, Biolegend), anti-CD4 (#RM4-5, Biolegend) and anti-CD3 (#17A2, Biolegend). For preadipocytes, endothelial cells and hematopoietic cells, SVF was incubated with anti-CD45 (#30F-11, Biolegend), anti-CD31 (# 390, Biolegend), anti-CD34 (#RAM34, eBioscience) and anti-PDGFRα (#APA5, Biolegend). After washing twice, the SVF was resuspended with 400 μl of FACS buffer, and 20 μl of precision count beads (Biolegend) was added as internal control and analyzed with FACSVerse (BD Biosciences). The absolute cell count was determined according to the instructions provided by the manufacturer. Intracellular staining. Freshly isolated cells were incubated with Fc Block for 25 min at 4 °C and then stained with anti-CD4 antibody (#GK1.5, BioLegend), anti-CD25 antibody (#PC61, Biolegend) and anti-CD3e antibody Scientific RepoRts | 7: 4560 | DOI:10.1038/s41598-017-04474-2 (#145-2C11, Biolegend). Intracellular staining of Foxp3 was conducted by using the Foxp3/transcription factor staining buffer set, according to the instructions provided by the manufacturer (eBioscience). For Foxp3 staining, Foxp3-antibody (#fjk-16s, eBioscience) was added, followed by additional double washing. The washed cells were analyzed with FACSVerse (BD Biosciences). Tregs were identified by gating on the CD4 + Foxp3 + cell population.
Statistical analysis.
All data were expressed as mean ± SEM. Differences between two groups were examined for statistical significance by the Student's t-test. Bonferroni correction or Dunnett's test was applied to the multiple comparisons. P value < 0.05 denoted the presence of a statistically significant difference.
Results
Dietary EPA increases the number of adipose tissue Tregs, eosinophils and B cells in normal chow-fed mice. Previous studies showed that EPA supplementation lowered body weight and improved hypoadiponectinemia in a high fat diet-fed model 19 . To determine the effect of EPA on adipose tissue immune cells under steady state conditions, mice were fed 5% EPA-containing diet for 5 weeks from 5 week of age and their adipose tissues were analyzed for changes in adipose immunocytes. EPA significantly lowered the body weight and weight of adipose tissues under steady state conditions ( Fig. 1A and B ). In contrast to EPA-fed obese model, there were no significant differences in serum adiponectin levels between EPA-and normal chow-fed wild-type mice (Fig. 1C ).
Adipose tissue is composed of mature adipocytes and SVF, including preadipocytes (CD45 − CD31 − CD34 + PDGFRα + cells), vascular endothelial cells (CD45 − CD31 + cells) and hematopoietic cells (CD45 + cells) ( Supplementary Fig. 1A -C). Changes in SVF are considered to be important in chronic inflammation of the adipose tissue. To gain insight into the anti-inflammatory function of EPA toward adipose tissue, we examined the proportion and number of preadipocytes, endothelial cells and hematopoietic cells, including adipose tissue Tregs. The number of adipose tissue Tregs was almost three times higher in EPA-fed mice, relative to the control (Fig. 1D ). The proportion and number of hematopoietic cells and endothelial cells were also significantly higher ( Fig. 1E and G), possibly reflecting neoangiogenesis 28 and increased infiltrating hematopoietic cells. While the total cell number per tissue was decreased ( Fig. 1F ), the cell number per adipose tissue weight exhibited the tendency to increase ( Fig. 1E and G) reflecting the reduction of epididymal fat weight ( Fig. 1B) . We also examined the composition of hematopoietic cells ( Fig. 1H and I) . While the number of macrophages was not altered, anti-diabetic adipose tissue immune cells such as eosinophils, B cells and NKT cells were increased ( Fig. 1I ). Interestingly, even inflammatory dendritic cells and CD8 + T cells were also significantly higher in EPA-fed mice, relative to the control, because of the significant increase in the total amount of hematopoietic cells ( Fig. 1H and I).
Dietary EPA increase the number and proportion of Tregs regardless of the size of adipose tissue in ob/ob mice. EPA has a different effect on body weight in ob/ob mice compared with high fat diet-fed mice. Previous studies reported that EPA treatment decreased the body weight of high fat-fed mice but had no such effect on that of ob/ob mice 19, 26 . In order to exclude the effect of loss of body weight on the composition of immune cells, we administered 5% EPA containing diet to ob/ob mice. In agreement with the results of previous studies, 5% EPA had no effects on the body weight and weight of epididymal adipose tissue ( Fig. 2A and B ). Interestingly, 5% EPA significantly increased the weight of mesenteric adipose tissue and spleen, while it significantly decreased that of the liver (Fig. 2B ). The proportion of Tregs was elevated only in epididymal adipose tissue, but not in spleen, mesenteric lymph node (MLN), or blood ( Fig. 2C ). Congruent with the results of previous reports, the proportion of adipose tissue Tregs was relatively low in ob/ob mice, compared to C57BL/6J mice (ob/ob: 2-3%, C57BL/6J mice: 15%) 4 . Furthermore, the number of adipose tissue Treg was significantly higher in the adipose tissue of EPA-fed ob/ob mice, compared to the control (Fig. 2D ). As was observed in C57BL/6J mice ( Fig. 1E and F), the total numbers of CD45 + hematopoietic cells and vascular endothelial cells were significantly higher in EPA-fed ob/ob mice than the control ( Fig. 2E and G). In contrast to C57BL/6J mice, the proportion and number of preadipocytes were lower in EPA fed ob/ob mice ( Fig. 2E and G). In contrast to EPA-fed C57BL/6J mice, total cell number was unchanged in EPA-fed ob/ob mice ( Fig. 2F) .
Consistent with the results in C57BL/6J mice, the number of adipose immunocytes, including eosinophils, B cells, CD4 + T cells and CD8 + T cells, were significantly higher in EPA-fed mice. In contrast to C57BL/6 J mice, ATMs were significantly higher in EPA-fed ob/ob mice ( Fig. 2H and I). These results indicate that EPA mainly increases the number of anti-inflammatory adipose immune cells regardless of body weight and adipose tissue size.
EPA and its metabolite 5-HEPE up-regulate Treg induction in the presence of macrophages.
To further investigate the mechanism through which EPA enhances Treg induction, we performed in vitro Treg induction using ATMs in the presence of fatty acids, such as saturated fatty acids and ω3 fatty acid, or EPA metabolites. In the presence of EPA, ATMs enhanced Treg induction in a dose-dependent manner (Fig. 3A) . Among the dietary fatty acids, linolenic acid, an ω3 polyunsaturated fatty acid, increased Treg induction ( Fig. 3B ). EPA is metabolized into hydroxyl-EPA (HEPE) and/or pro-resolving lipid mediators (such as resolvin E1). EPA metabolism is dependent on four enzymatic pathways: cyclooxygenase (COX) 1/2, 5-arachidonate lipoxygenase (ALOX5), 12/15-arachidonate lipoxygenase (ALOX12/15) and cytochrome P450 (Cyp450). EPA is converted into prostaglandin D3 by COX1/2, 5-HEPE by ALOX5, 12-HEPE and 15-HEPE by ALOX12/15, and 17 (18)-EpETE by Cyp450. In addition to these enzymatic pathways, 18-HEPE is synthesized by a non-enzymatic pathway.
We hypothesized that the enhancement of Treg induction is dependent on one specific EPA metabolite because the effect of EPA is considered to be dependent on total functional effects of EPA itself and each EPA metabolite. To test our hypothesis, we performed Treg induction experiment in the presence of each EPA metabolite. Among EPA metabolites, 5-HEPE was the most potent inducer of Tregs (Fig. 3C ). In order to confirm the role of 5-HEPE in the up-regulation of Treg induction, macrophages were co-cultured with non-Treg T cells in the presence of inhibitor for EPA metabolic genes ( Fig. 3D ). Inhibition of ALOX5, which is involved in the metabolism of EPA into 5-HEPE, reduced the EPA-dependent enhancement of Treg induction (Fig. 3D ). Inhibition of cyclooxygenase or ALOX12,15 resulted in up-regulation of EPA-dependent enhancement of Treg induction (Fig. 3D ).
EPA is a potent ligand for PPARγ and PPARγ agonist pioglitazone elevates the adipose tissue Tregs in high fat diet fed obese mice 29 . In order to elucidate whether the elevation of Treg induction by EPA depends on PPARγ, we co-cultured ATMs and naïve T cells in the presence of pioglitazone. Treg induction was not altered by pioglitazone ( Fig. 3E) , indicating that PPARγ is not involved in the enhancement of Treg induction by EPA. 5-HEPE is known as a potent ligand for GPR119 30 and GPR120 is the receptor for long chain fatty acids, including EPA 20 . In order to examine whether the effect of EPA or 5-HEPE is dependent on GPR120 or GPR119, we performed co-culture experiments in the presence of GPR119 agonist PSN375963 or GPR120 agonist TUG-891 ( Fig. 3F ). Treg induction was enhanced in the presence of GPR119 agonist and GPR120 agonist, respectively (Fig. 3F) . Moreover, Treg induction was blocked in the presence of TM43718, a specific antagonist of GPR119 ( Fig. 3G ), suggesting that enhancement of Treg induction by EPA and 5-HEPE is probably dependent on GPR119 signaling. ALOX5 inhibition reduces the effect of EPA on Treg maintenance in vivo. To investigate the types of cells in which EPA is metabolized to 5-HEPE, we analyzed the expression of genes involved in EPA metabolism. We investigated the expression levels of these genes in primary adipose tissue, SVF and mature adipocytes, and compared the findings in C57BL/6J mice and ob/ob mice. The expression levels of EPA metabolic genes were significantly higher in SVF compared to mature adipocytes (Figs 4A and 2A) . Furthermore, the expression of alox5 in SVF was significantly higher in C57BL/6J mice than in ob/ob mice (Fig. 4A ). We next sorted SVF into macrophages (CD45 + CD11b + F4/80 + subset), hematopoietic cells without macrophages (CD45 + subset − CD45 + CD11b + F4/80 + subset), preadipocytes (CD45 − CD31 − CD34 + PDGFRα + subset) and endothelial cells (CD45 − CD31 + subset) as shown in Supplementary Figure 1A -C. The expression levels of alox5, alox12 and cox1 were higher in macrophages ( Figs 4B and 2B) . The expression level of COX2 was higher in preadipocytes, while the expression level of alox12 was higher in macrophages and endothelial cells ( Supplementary Fig. 2B ). These results indicate that the conversion of EPA into 5-HEPE seems to occur in macrophages.
To further confirm the role of 5-HEPE in Treg induction in vivo, mice were treated with EPA and CJ13610, an ALOX5 inhibitor, for 4-5 weeks and then analyzed the changes in adipose tissue immune cells (Fig. 4C ). Previous reports indicated that inhibition of ALOX5 down-regulated genes associated with hepatic fatty acid uptake, such as L-FABP and CD36 and improves fatty liver in ob/ob mice 31 . Administration of EPA with CJ13610 significantly decreased the proportion of adipose tissue Tregs (Fig. 4D ). The number of adipose tissue Tregs also tended to be lower, compared to ob/ob mice fed EPA alone (Fig. 4E) . These data suggest that ALOX5 and 5-HEPE seem to contribute to adipose tissue Treg induction in vivo.
Pretreatment with EPA or Treg induction without macrophages does not enhance Treg induction.
To elucidate the mechanisms of Treg induction, especially the target cells of EPA, we co-cultured ATMs derived from EPA-fed mice with non Treg T cells (Fig. 5A) . ATMs expressed higher levels of CD206, a marker of M2 macrophages, indicating that they polarized towards the anti-inflammatory M2 phenotype (Fig. 5B and C) . However, the co-culture was not associated with a change in the proportion of induced Tregs (Fig. 5D ), suggesting that M2 polarization by EPA did not up-regulate Treg induction.
To determine whether EPA directly enhances Treg induction, we induced Tregs in the presence of CD3 antibody, CD28 antibody, IL-2 and TGF-β (Fig. 5E ). In the absence of macrophages, Treg induction was not enhanced in the presence of EPA or 5-HEPE ( Fig. 5F ), suggesting that EPA and 5-HEPE enhance Treg induction via macrophages.
Discussion
There is general agreement that EPA has pleiotropic and anti-inflammatory effects on various tissues and lesions such as atherosclerotic lesions 32 , hepatic steatosis 33 and adipose tissues 34 . While chronic inflammation of the adipose tissue involves increased number of inflammatory immune cells, such as M1 polarized macrophages and CD8 + T cells, and reduction of anti-inflammatory immune cells, such as Tregs, eosinophils and B cells, it is still not clear how EPA improves chronic inflammation in adipose tissue. Here, we show that both EPA and its metabolite 5-HEPE enhance ATM-mediated Treg induction.
We reported previously that ATMs induce PPARγ + Tregs in adipose tissues 9 . Considering that supplementation with ω3 fatty acid inhibit polarization of inflammatory Th17 T cells 35 and M1 macrophages 20 , we hypothesized that EPA could improve adipose tissue inflammation via enhancement of Treg induction by M2-polarized macrophages. Consistent with this hypothesis, the present results of flow cytometric analysis showed increased number of adipose tissue Tregs irrespective of adiposity. In our previous report, ATMs induced Tregs in adipose tissues, and the proportions of ATMs and adipose tissue Tregs were lower in adiponectin-deficient mice than control mice 9 . Since EPA supplementation increased serum adiponectin levels in ob/ob mice, one possible explanation of the induction of ATMs and adipose tissue Tregs is upregulation of serum adiponectin levels ( Supplementary Fig. 5 ).
EPA reduces weight gain by elevation of oxygen consumption, and UCP1 expression in both interscapular BAT and inguinal WAT 36 without any changes in food intake. On the other hand, Obesity strikingly reduces the number of CD4 + Foxp3 + Treg cells in adipose tissues 4 . Therefore, weigh-loss itself is partly responsible for the induction of adipose tissue Tregs by EPA in C57BL/6J mice. To exclude the effect of EPA to reduce body weight, we treated ob/ ob mice with EPA, and revealed that the number of adipose tissue Treg was significantly higher in EPA-treated mice compared to control. Our results indicated that the effect of EPA to induce Tregs is independent of weight loss.
The molecular mechanisms by which EPA lowers body weight and improves glucose metabolism is mainly dependent on activation of PPARγ 37 and GPR120 20 . Among adipose tissue immune cells, macrophages and Tregs have been reported to express PPARγ, raising the possibility that the effect of EPA on adipose tissue immune cells is dependent on PPARγ. Under our experimental condition, pioglitazone, a PPARγ agonist, had no significant impact on Treg induction by spleen dendritic cells or ATMs (Fig. 3E ). These results indicated that PPARγ pathway does not play a large role in EPA-mediated Treg induction.
5-HEPE is the major metabolite in macrophage conditioned media 22 . It is also the endogenous agonist for GPR119 and increases insulin secretion from Min6 cells in GPR119-dependent manner 30 . Although high serum 5-HEPE levels have been described in overweight subjects following polyunsaturated fatty acid supplementation 38 , the physiological function of 5-HEPE in adipose tissue has not been elucidated. We demonstrated here that both 5-HEPE and synthetic GPR119 agonist enhanced the induction of Tregs by adipose tissue macrophages. Moreover, antagonist of GPR119 strongly blocked macrophage-dependent Treg induction by EPA. Considering that 5-HEPE is a specific ligand for GPR119 39 , we concluded that EPA induced Treg induction mainly through its metabolite, 5-HEPE via GPR119.
Previous studies reported that IL-2, IL-33 40 , retinoic acid 41 and butyrate 42 act directly on T lymphocytes and increase the induction of Tregs but not macrophages. In the present study, EPA and 5-HEPE enhanced Treg induction in the presence of macrophages, but not in their absence. These results suggest that EPA and 5-HEPE activate signaling pathways in macrophages. Next, we investigated the effects of EPA on macrophages in vivo, and demonstrated that ATMs of EPA-fed mice expressed high levels of CD206, a marker of M2 macrophages, indicating that EPA induces polarization of ATMs into anti-inflammatory M2 phenotype. We reported previously that M1 polarized ATMs from obese adipose tissue induced almost equivalent proportion of Tregs compared to macrophages derived from lean mice model 9 . Similarly, in the present study, M2 polarized macrophages from EPA-fed mice induced equivalent proportion of Tregs compared to normal chow-fed mice. These results suggest that it is important for enhanced Treg induction to activate GPR119 signaling by EPA or 5-HEPE in macrophages during, but not prior to co-culture. Furthermore, the gene expression levels of GPR119 and GPR120 were quite low in T cells (data not shown), supporting the direct effects of 5-HEPE and EPA on macrophages. In addition, we confirmed the direct effect of EPA and 5-HEPE on macrophages by treatment with EPA and 5-HEPE, which reduced the expression levels of IL-1β, iNOS, or MCP1 in RAW264.7 macrophages ( Supplementary Fig. 3A ). On the other hand, the expressions of genes that are associated with Treg induction and function such as TGFβ, indoleamine-2,3-deoxygenase (IDO) and retinal dehydrogenase (RALDH) were low in ATMs ( Supplementary Fig. 3B ). Also, EPA and 5-HEPE decreased the expression of these genes, indicating that IDO, RALDH and TGFβ are not involved in the enchancement of ATM mediated Treg induction by EPA ( Supplementary Fig. 3C ). Because such genes related to Treg induction were not changed by EPA or 5-HEPE, further investigation will be required to identify genes associated with macrophage-mediated Treg induction.
Interestingly, the phenomena of ATM mediated Treg induction by EPA and 5-HEPE is also observed when ATMs are replaced by splenic dendritic cells ( Supplementary Fig. 4A and B ), suggesting the direct effect of EPA and 5-HEPE on general antigen presenting cells ( Supplementary Fig. 4A and B) .
The number of preadipocytes were reduced by EPA in ob/ob mice, but not in C57BL/6J mice. One possible explanation for the reduction of preadipocytes is growth arrest or apoptosis of preadipocytes in adipose tissues of ob/ob mice. In human preadipocytes cell line AML-I, EPA induces growth arrest and apoptosis, whereas it promotes differentiation into adipocyte 43 . Moreover, high glucose concentration also induces premature senescence, apoptosis and reduced colony forming activity in mesenchymal stem cells 44 . Collectively, combination of EPA and high-glucose levels might be responsible for the smaller number of preadipocytes in ob/ob mice, but not in C57BL/6J mice.
EPA exhibits anti-inflammatory properties through its metabolites in each organ such as heart 22 , skin 23 and gut 45 . Our data suggest that the enzymes associated with EPA metabolism are expressed mainly in SVF of adipose tissues and are downregulated in obesity. ALOX5 is involved in the generation of 5-HEPE, 5-oxo-EPE, leukotriene A5, and leukotriene B5. When acting with other lipoxygenases, cyclooxygenases, or cytochrome P450 enzymes, ALOX5 contributes to synthesizing resolvin Es, which is a potent anti-inflammatory lipid mediator derived from EPA 46 . ALOX5 is expressed mainly in macrophages, indicating that the conversion of EPA into 5-HEPE is processed mainly in macrophages. Our results showed that inhibition of ALOX5 reduced the proportion of Tregs both in vitro and in vivo, suggesting the importance of EPA metabolites of ALOX5, such as 5-HEPE and resolvinEs. Given that resolvin Es is generated from 18-HEPE and the addition of 18-HEPE did not induce Tregs compared to 5-HEPE, reduced Treg induction is likely to be attributed to the decrease in 5-HEPE by ALOX5 inhibition.
These findings lead us to propose a model in which EPA enhances the induction of adipose tissue Tregs through its metabolite, 5-HEPE, and functional involvement of GPR120 and GPR119 (Fig. 5G) . The pleiotropic effects of EPA probably involve each metabolite; which serve as ligands for different receptors. Further elucidation of the effect and the target of EPA metabolites can help in the design of specific treatments for various metabolic diseases.
